Denitrification of water under anaerobic conditions was carried out by Escherichia coli supported or immobilised on different activated carbons and silica. Results were compared with those obtained when bacteria was used alone or mixed with activated carbons. Denitrification took place in two steps: reduction of nitrate to nitrite, and its subsequent reduction to dinitrogen. The process required an external carbon source that in this case was ethanol. Results obtained in the denitrification process were related to characteristics of activated carbon that favoured bacteria adsorption and to the final pH of the activated carbon-bacteria complex. In addition, a large macropore volume also allowed the bacteria to grow PZC during the process. The presence of Cd(II) and Cr(VI) ions negatively affected the denitrification process. However, their influence on the removal of nitrite ions was smaller if the bacteria were supported on activated carbon. 
. Introduction
the removal of nitrate and nitrite ions from waters [1] [2] [3] [4] [5] [6] . However, most studies on denitrification by heterotrophic Nitrogen occurs in raw surface water in the form of denitrifying bacteria have shown that the cultures require a organic nitrogen, ammonia, nitrate and nitrite, all of which carbon as an electron donor for the reduction of nitrate and are undesirable in drinking water. The European Union has nitrite [1, 6, 7] , which must be added to the water being regulated some of these substances in EU standards treated. (EC80 / 778, 1980), which establish maximum permitted The use of immobilised or supported cells has found 21 concentrations for nitrate and nitrite of 50 and 0.1 mg l , applications in a wide range of biological processes from respectively. Although the primary toxicity of nitrate is the production of ethanol to the degradation of pollutants low, secondary and tertiary effects such as reduction to [8] [9] [10] [11] [12] . Among the solid supports used, activated carbons nitrite and formation of nitrosamides, respectively, cause offer the advantages of a large adsorptive capacity and an serious environmental contamination [1] . Under anaerobic irregular shape, which acts as a shelter for bacteria from conditions, many bacteria use nitrate and nitrite ions high fluid shear forces [8, 9] . However, scant studies have contained in contaminated waters for respiration. The been conducted on the influence of some important propchemically bound oxygen in these ions acts as the final erties of activated carbons, such as their oxygen content, electron acceptor, and the final reaction product is gaseous acid-base surface character, porosity and ash content, dinitrogen. The biological denitrification process is, theredespite their importance in all adsorption processes that fore, a convenient and cost-effective alternative method for take place in an aqueous environment [13] . Therefore, the objective of the present work was to study the denitrification of water by using Escherichia coli supported on different activated carbons, in order to correlate the Cd(II) and Cr(VI) ions on the denitrification process was water. Activated carbons with the immobilised E. coli are also studied. referred to hereafter in the text with the name of the activated carbon followed by the letter B. Samples so obtained were used to study the denitrification process of water. For this purpose, the bacteria 2 . Experimental immobilised on the different supports (the above 0.2 g) was added to 50 ml of a sterilised solution containing 40
21
Six different activated carbons were used in this work. mg l of nitrate (from NaNO ) and a carbon source (1.3 3 21
For comparison, silica was also used as support. Two ml of ethanol, equivalent to 20 mg l ). The suspension commercial activated carbons from Norit (Sorbonorit) and was buffered at pH 7 with an appropriate phosphate Merck were used, referred to hereafter in the text as S and solution. To obtain anaerobic conditions, the headspaces of M, respectively. The other four were prepared from the flasks were flushed with nitrogen gas to remove the almond shells (A) and olive stones (H) by direct activation remaining air. Several suspensions were prepared for each in CO flow at 1123 K for 8 and 24 h. These activated sample under the same conditions, and the nitrate and 2 carbons will be referred to hereafter in the text as A8, H8, nitrite concentrations were analysed each day by using A24 and H24, respectively. The particle size used in all different samples. The flasks were placed in a thermostatcases was between 0.5 and 1 mm.
ised rotary shaker at 298 K. These activated carbons were characterised by N and obtained. Measurements of the pH of the point of zero er's operating instructions to avoid the interference of charge, pH , were also determined as explained elseother ions.
PZC
where [14] . The bacterium used in the experiments was Escherichia coli, ATCC 25922 strain, supplied by the Microbiology 3 . Results and discussion Department of the Granada University. To immobilise this bacterium on the different supports it was first incubated at Characteristics of activated carbons used in this work 310 K overnight in a TSB media buffered at pH 7, the are compiled in Table 1 . The commercial activated carbon most appropriate pH for bacteria growth. Then, 1 ml of S had the highest ash content of all samples used. this suspension was added to another that contained 0.2 g However, activated carbons obtained from olive stones and of the sterilised support in 20 ml of TSB. This new almond shells had no or very low ash content. Both suspension was shaken at 310 K for 3 days. After this commercial activated carbons, S and M, had a large 2 21 time, the support with the immobilised bacteria was surface area, with values higher than 1000 m g . The separated and washed repeatedly with sterilised distilled most marked difference between these two carbons was the T able 1 Ash content, surface area, pore volumes, oxygen content and pH of the point of zero charge of the activated carbons PZC macropore volume, V , which was higher in carbon S than content and higher pH than activated carbon M (Table   3  PZC in carbon M. 1). Therefore, both hydrophobic and electrostatic interacIn the case of the other activated carbons, all pore tions would be stronger in the former activated carbon than volumes (W , V and V ) increased when the activation time in the latter. The early stages of the immobilisation of bacteria on a present in the mineral matter of carbon S were good support involve an adsorption process, which can be adsorbents for bacteria adsorption, enhancing the total understood in terms of hydrophobic and electrostatic uptake of bacteria by carbon S [14] . interactions [16] [17] [18] [19] . The term hydrophobicity is often An important feature of the adsorption of bacteria on the used in the interpretation of bacterial adhesion to surfaces activated carbons was that the pH of the overall PZC [16] . Hydrophobicity in an aqueous medium is related to activated carbon-bacteria complex decreased due to the the surface free energy and the Van der Waal's interaction lower pH of bacteria. This would influence the inter-PZC between particles. action between the activated carbon-bacteria complex and The hydrophobicity and Van der Waal's interactions are anions such as nitrate and nitrite. According to the results related through the Hamaker constant of the system. This obtained (Table 1) , these anions should be better adsorbed, constant is a material property that expresses the interfrom an electrostatic point of view, on S-B and A24-B action energy between two bodies. Thus, the Van der complexes due to the higher pH of these systems PZC Waal's interaction depends linearly on the Hamaker concompared with the others. stant of the system. When the hydrophobicity of a bacterial
The efficiency of nitrogen removal from wastewater by or carbon surfaces increases, the difference between their denitrifying bacteria is strongly influenced by the carbon Hamaker constants and the Hamaker constant of water source [21] [22] [23] . This can be supplied as a non-defined becomes larger. As a consequence, the Van der Waal's organic matter contained in wastewater or defined as an attraction will be stronger [16, 17] . external added source. Methanol and ethanol are among The surface hydrophobicity of activated carbons can be the carbon sources generally used in this process [24] , and mainly related to their surface oxygen complexes. A they were tested at different C / N atomic ratios for the decrease in the oxygen content of the activated carbons biological denitrification of nitrate ions with E. coli will increase their hydrophobicity and favour the adsorpsupported on activated carbons. Fig. 1 shows, as an tion process.
example, the variation of the nitrogen concentration from The denitrification of nitrite ions was also carried out by and activated carbon surfaces. This attractive interaction the addition of other carbon sources. Results obtained with should increase as the pH increases. samples S-B and M-B are compiled in Table 2 , showing PZC Adsorption of E. coli from aqueous solution on actithat ethanol was the best carbon source for both activated vated carbons S and M was studied in a previous work carbons. Therefore, ethanol was chosen as the carbon [14] . Results obtained showed that the adsorption capacity source for the remainder of the experiments. Results in of carbon S was much higher than that of carbon M. These Table 2 also indicate that nitrite was removed even with no results were related to the following variables: the hydrocarbon sources, although in general to a lesser extent. This phobicity, pH , porosity and ash content of the activated is designated an abiotic process and was previously PZC carbon; the size and surface charge of the bacteria; and the reported [9] in other biological systems using immobilised solution pH. Thus, activated carbon S had a lower oxygen bacteria on activated carbons.
obtained with some of these systems are depicted, as an example, in Fig. 2 . This shows a rapid decrease in the nitrate concentration, and an increase in the nitrite one to a maximum followed by a decrease and, after a certain time, disappearance. The nitrate concentration was practically zero at the time the nitrite concentration reached its maximum value. Nitrite curves such as those depicted in Fig. 2 were used to obtain the maximum concentration of nitrite in solution, h , the time needed to completely max remove the nitrite, t , and the area under the curve, A.
total These two last parameters give a measurement of the persistence of nitrite in solution. All of these results are compiled in Table 3 . When E. coli was immobilised on activated carbons S (S1B and M1B). This indicates that the immobilisation of bacteria increased the effectiveness of the denitrification The effectiveness of the denitrification process using E. solution and the activated carbon-bacteria complex. In addition, a large macropore volume would allow the The denitrification kinetics was followed with E. coli bacteria growth that takes place during the denitrification immobilised on activated carbons and silica, using ethanol process. Thus, results in Table 3 show that S-B had lower as a carbon source at a C / N atomic ratio of 1.15. Results t and A values than M-B, which can be attributed to total the higher adsorption of bacteria on activated carbon S than on activated carbon M and to the higher pH of PZC S-B than of M-B. Activated carbons H8, H24 and A8 had similar oxygen content, the same pH and also the same pH of the PZC PZC activated carbon-bacteria complex, and their macropore volume increased in the order H8,H24,A8. Therefore, the t and A values decreased with an increase in the total macropore volume of the activated carbon. Finally, sample A24-B was the most effective in the denitrification process, presenting the lowest t and A values among all total samples studied. Although the original activated carbons A24 and S had comparable macropore volumes and the pH of both activated carbon-B complexes were simi-PZC lar, the hydrophobicity of A24 was higher (lower oxygen content) than that of S, so that there would be a greater adsorption of bacteria on the former compared with the 2 T able 3 Parameters from the nitrite curves obtained during the denitrification process by bacteria, a mixture of bacteria and activated carbons, and immobilized bacteria on activated carbons and silica latter. In addition, the ash content of A24 was much lower than that of S. According to data reported elsewhere [14] , around 75% of the ash content of S was silica. This high silica content could be another reason why this sample was less effective in the denitrification process, because when silica was used as support for bacteria, sample SiO -B, the 2 denitrification results were the worst obtained (Table 3) . Denitrification kinetic curves such as those depicted in Fig. 2 were fitted to a system of two first-order irreversible reactions in series using the MatLab computer programme. Although this model is an oversimplification of the denitrification process catalysed by bacteria immobilised on activated carbons, it can be useful for determining apparent rate constants of disappearance of nitrate and nitrite, with which the different systems used can be compared. Fig. 3 shows, as an example, the experimental denitrification results obtained and their fit with the model used.
The apparent rate constants for the removal of nitrate and nitrite, k and k , respectively, are compiled in Table   1  2 4. Values of k were always higher than those of k and their variation between one system and another was similar persistence of nitrite ions in the solution. The denitrificato that found for k . Similar conclusions can be deduced tion process using E. coli immobilised on different acti-2 from the k results as from Table 3 . Thus, the best system vated carbons can be mainly related to activated carbon 2 used in both processes was the A24-B, which had the characteristics that increase the bacteria adsorption and to highest k and k values, and the worst system was the final pH of the activated carbon-bacteria complex. Cr(VI) ions (1 mg l ) on the denitrification process using interaction between anions in solution and the activated bacteria alone and using bacteria immobilised on activated carbon-bacteria complex. In addition, a large macropore carbon S (Table 5) . It has been reported that Cr(VI) volume allows the bacteria growth that takes place during decreased the maximum growth rate of denitrifying bacthe denitrification process. The presence of Cd(II) and teria [25] . When bacteria were alone in solution, both metal Cr(VI) in solution negatively affected the denitrification ions decreased their rate constants, k and k . However, process kinetics. In these cases, the use of immobilised higher in the case of the Cd(II) ions versus the Cr(VI) ions. The more effective removal of nitrite ions by S-B than by B derives from the protection that the support R eferences affords the bacteria, as commented above. Furthermore, it is interesting to note that the parameters obtained from the case of nitrite ions.
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